1. Introduction {#sec1}
===============

Mitochondria are intracellular organelles responsible for the production of ATP by oxidative phosphorylation and contain maternally inherited DNA (16,569 base pairs) that code for two rRNAs, 22 tRNAs, and 13 polypeptides [@bib1], [@bib2], [@bib3], [@bib4]. The mtDNA-encoded polypeptides are all subunits of enzyme complexes of oxidative phosphorylation. However, the vast majority of mitochondrial proteins (numbering approximately 1500 in mammals) are encoded by the nuclear genome. Although originally viewed as solitary organelles, recent findings show a highly dynamic and connected mitochondrial network that adapts in size and morphology to changes in cellular environment [@bib5], [@bib6], [@bib7]. This dynamic mitochondrial network possesses a life cycle including biogenesis, rearrangement of the network via fission-fusion, and removal of damaged or unneeded mitochondria by autophagic turnover, or mitophagy [@bib8], [@bib9]. These lifecycle processes appear interdependent and critical to overall mitochondrial health, as chronic alterations in a single aspect of the lifecycle contribute to network dysmorphology, impaired oxidative phosphorylation, and global metabolic dysfunction [@bib8], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23].

Although the process of fission-fusion dynamics, occurs on the order of minutes [@bib24], [@bib25] and is linked with longer-term mitochondrial quality control [@bib26], [@bib27], [@bib28], [@bib29] and mtDNA replication [@bib30], more recent evidence shows that mitochondrial remodeling is also requisite for rapid shifts in substrate metabolism [@bib31], [@bib32], [@bib33], [@bib34], [@bib35]. Signal transduction controlling mitochondrial remodeling to promote acute coupling of energy demand and supply is an area of intense investigation [@bib36]. No one study has systematically interrogated the impact of acute exercise and long-term training on all three phases of the mitochondrial lifecycle (biogenesis, fission/fusion, and mitophagy). To fill these gaps in our knowledge, we examined how the mitochondrial life cycle responds to three different endurance exercise interventions: acute exercise, chronic exercise training, and acute exercise after chronic exercise training. This research led to the identification of a novel role for Drp1 during acute exercise which we explored further in a mouse model harboring a skeletal muscle-specific Drp1 heterozygous (mDrp1^+/−^) deletion. Our findings show that Drp1 is critical for regulating exercise performance and mitochondrial adaptations to chronic training.

2. Materials and methods {#sec2}
========================

2.1. Human studies {#sec2.1}
------------------

Between the years of 2011--2012, 26 sedentary (\<1 exercise session/week) men of Scandinavian origin from Oslo, Norway (aged 40--65 years), were recruited into the Skeletal Muscles, Myokines and Glucose Metabolism (MyoGlu) intervention trial and divided into the following groups: 1) normoglycemic (control) with BMI \<27 kg/m^2^ (n = 13), or 2) dysglycemic (DG) with BMI 27--32 kg/m^2^ and either impaired fasting plasma glucose, impaired glucose tolerance or insulin resistance (based on HOMA-IR) (n = 13). Exclusion criteria included family history of diabetes (for controls only), known hypertension, liver or kidney disease, chronic inflammatory diseases, or on any medication expected to affect glucose metabolism (lipid lowering, anti-hypertensive, ASA, corticosteroids, etc.). More details have been described previously [@bib37], [@bib38]. Skeletal muscle biopsies (*n* = 154) were obtained from the *vastus lateralis* muscle during the bicycle tests. The 1st and 2nd skeletal muscle biopsies were obtained from the same incision site, but from opposite directions. After sterilization, the subcutaneous and superficial tissues were injected with Xylocain-adrenaline 10 mg/mL  +  5 μg/mL. A 6 mm muscle biopsy needle (Pelomi, Albertslund, Denmark) was used with a 50 mL syringe for vacuum generation. Biopsies were quickly rinsed in cold PBS and dissected on a cold aluminum plate to remove blood etc. before freezing. The MyoGlu study design is presented in [Figure 1](#fig1){ref-type="fig"}A.Figure 1Schematic depicting exercise protocols for humans and mice. (A) Acute and chronic cyclying exercise was performed by healthy normoglycemic (control) and Dysglycemic (DG) men, age 40--65 years (N = 13/group). (B) Wildtype mice were studied during acute (EX45, EX90, EX90 + 3 h Rest) and chronic exercise (TRN, TRN + EX90) experiments 1--3. Exercise training (TRN) was achieved using voluntary running wheels for 30 days. Muscle was harvested 30 h after the last bout of exercise. An additional cohort of TRN mice performed an acute bout of moderate intensity treadmill running (TRN + EX90). (C) A panel of recombinant inbred strains of mice (84 strains of male and female mice, N = 4 mice/strain and a 15-strain subset of female mice, N = 4 mice/strain), the UCLA HMDP, were studied to determine the relationship between sex and *Dnm1L* expression and *Dnm1L* gene--gene relationships. (D) Muscle-specific Drp1 heterozygous (mDrp1^+/−^) mice were studied at rest and following EX90 and TRN.Figure 1

2.2. Animal studies {#sec2.2}
-------------------

### 2.2.1. Exercise protocols {#sec2.2.1}

Female wildtype C57BL/6J mice 4--6 months of age were obtained from Jackson Laboratories and separated into one of three groups prior to experimentation to ensure no statistical differences in body weight between groups. An additional cohort of male C57BL/6J mice (N = 6 mice/group, SED vs. EX90) and three cohorts of female mice representing mouse strains of varying running capacity BALB/CJ (high capacity running), A/J (medium capacity running), and C3H/HeJ (low capacity running) were studied (N = 6 mice/group, SED vs. EX90) to confirm the absence of a sex and strain dependence on acute exercise signaling, with specific focus on Drp1 phosphorylation status. Mice were group housed and had free access to standard laboratory food (Teklad 8604, Calories: 25% protein, 14% fat, 54% carbohydrate) and water unless otherwise indicated. Each exercise group was matched with an independent control sedentary group (SED) ([Figure 1](#fig1){ref-type="fig"}B).

#### 2.2.1.1. Experiment one (acute endurance exercise) {#sec2.2.1.1}

Experimental groups consisted of: sedentary (SED), 45 min exercise (EX45), 90 min exercise (EX90 cohort 1), and 90 min exercise + 3 h sedentary recovery (EX90+3 h Rest) ([Figure 1](#fig1){ref-type="fig"}). The moderate intensity endurance exercise protocol included treadmill running (5% grade) at 15 m/min for the indicated times ([Figure 1](#fig1){ref-type="fig"}B) [@bib39], [@bib40]. All mice were acclimated to the treadmill by running for 10 min at 5--10 m/min on two separate occasions during the 2--4 days prior to experimentation. Mice in the SED groups were fasted for 6 h prior to tissue harvest. Mice in the EX45, EX90, and EX90 + 3 h Rest groups were fasted for 3 h prior to exercise. Mice in the EX90 + 3 h Rest group were given *ad libitum* access to water during the 3 h post exercise recovery period. All mice were given *ad libitum* access to water during the fasting period. Tissues were removed immediately following exercise completion or at the indicated post-exercise time, snap-frozen in liquid nitrogen, and stored at −80 °C until analysis.

#### 2.2.1.2. Experiment two (TRN) {#sec2.2.1.2}

Experimental groups: sedentary control (SED) or 30 days of in cage voluntary wheel running (TRN). All animals were individually housed during the exercise training period. Wheels in cages of SED mice were locked throughout the experiment. Daily running activity and weekly body weights were recorded for 30 consecutive days. After 30 days of TRN, wheels were locked for 30 h prior to euthanasia and tissue harvest (after 6 h fasting). Tissues were snap-frozen in liquid nitrogen and stored at −80 °C until analysis ([Figure 1](#fig1){ref-type="fig"}B).

#### 2.2.1.3. Experiment three (TRN + EX90) {#sec2.2.1.3}

Experimental groups included: sedentary control (SED), endurance exercise for 90 min (EX90 cohort 2), and 30 days in cage voluntary wheel running followed by 90 min of acute endurance exercise (TRN + EX90). All mice involved in experiment 3 followed the same protocol as mice in experiment 2. Five days prior to completion of the 30-day voluntary wheel running program, mice in the EX90 and TRN + EX90 groups performed a maximum treadmill running test. Prior to the maximum running test, mice were acclimated to the treadmill by running for 10 min at 5--15 m/min on two separate occasions. After 30 days voluntary wheel running, wheels were locked for the TRN + EX90 group. On the following day, SED mice fasted for 6 h, whereas EX90 and TRN + EX90 mice fasted for 3 h before completion of a single bout of moderate intensity endurance exercise. The moderate intensity endurance exercise protocol consisted of 90 min of treadmill running (5° incline) at 15 m/min or 18--20 m/min for the EX90 and TRN + EX90 groups respectively, so as to maintain the same relative exercise intensity between the groups [@bib40], [@bib41]. At the completion of the exercise study, animals were euthanized and tissues immediately removed, snap-frozen in liquid nitrogen, and stored at −80 °C until analysis ([Figure 1](#fig1){ref-type="fig"}B).

### 2.2.2. Hybrid Mouse Diversity Panel (HMDP) {#sec2.2.2}

All mice were obtained from The Jackson Laboratory and bred at the University of California, Los Angeles. Mice were maintained on a chow diet (Ralston Purina Company) until 8 weeks of age when they either continued on the chow diet or were provided a high fat/high sucrose diet (HF/HS Research Diets D12266B; 8 weeks) with the following composition: 16.8% kcal protein, 51.4% kcal carbohydrate, 31.8% kcal fat. A complete list of the strains included in our study is included in [Supplemental Table 1](#appsec1){ref-type="sec"}. This resource was established to provide a platform for high resolution genome wide mapping and systems level analysis of gene--gene and gene--trait relationships. Because *DNM1L* expression levels were induced in human subjects following exercise training, herein and in previous reports [@bib42], we determined *Dnm1L* gene correlations from muscle of male and female high fat/high sucrose-fed HMDP animals [@bib43]. In addition, a 15-strain subset of female HMDP mice underwent an exercise training protocol as described in experiment 2 ([Figure 1](#fig1){ref-type="fig"}C).

### 2.2.3. Muscle-specific Drp1 heterozygous mice (mDrp1^+/−^) {#sec2.2.3}

Floxed *Dnm1L* mice were a generous gift from Hiromi Sesaki, Johns Hopkins University [@bib44]. Floxed mice were mated with a transgenic line in which Cre recombinase was driven by the muscle creatine kinase (MCK) promoter as previously described [@bib45]. Female f/f Control and muscle-specific heterozygote (mDrp1^+/−^) mice were fed a chow diet and studied at basal/sedentary (SED) and following acute exercise (EX90) and chronic exercise (TRN) ([Figure 1](#fig1){ref-type="fig"}D). Muscle heterozygotes were utilized because the reduction in Drp1 total protein is more physiologic recapitulating findings for mouse models of insulin resistance that we have studied previously [@bib46]. Moreover, in contrast to the muscle Drp1 homozygotes, the heterozygotes maintain muscle mass with aging. Experimental groups included pre-training (pre-TRN) vs. post-training (post-TRN) for both genotypes, f/f control vs. mDrp1^+/−^ ([Figure 1](#fig1){ref-type="fig"}D). Mice completed a treadmill run to exhaustion both prior to start and after completion of the training protocol. Before each run to exhaustion test, mice were acclimated to treadmill running as described previously. The remainder of the experimental period was the same as described for experiment 2 (Exercise training).

Animal studies were approved by the University of California, Los Angeles Institutional Animal Care and Use Committee. All animal care, maintenance, surgeries, and euthanasia were conducted in accordance with this Institutional Animal Care and Use Committee and the National Institute of Health.

2.3. Maximum running speed, dynamic hanging, and run to exhaustion testing {#sec2.3}
--------------------------------------------------------------------------

Mouse genotypes were blinded to the experimenter for all tests. Maximal running speed test was performed as described previously [@bib47]. Briefly, mice were acclimated to treadmill running on two separate occasions prior to the maximum running speed test. On testing day, mice were given a 5-min warm-up at 5--10 m/min. The treadmill speed was increased by 3 m/min until mice were unable to maintain the speed for 10 consecutive sec following gentle encouragement if required. Mice were given three attempts at each speed and approximately 60 s of rest after each increase in treadmill speed. Latency to fall test, used as an index of grip strength and muscle endurance, was performed as previously described [@bib48]. Mice were acclimated to the wire grid on two separate occasions prior to testing. Mice performed three trials and the data from the three trials were averaged and reported as means ± SEM. Mice were given five min of rest between each trail. Run to exhaustion was performed as described previously [@bib49]. Briefly, mice were acclimated to treadmill running on two separate occasions, and prior to the test a 5 min warm-up was followed by an incremental increase in treadmill speed (3 m/min) starting from 10 m/min (fixed 5° incline). Running speed intervals were 3 min in length, and the test was terminated when mice could no longer perform the running exercise (indicated by \>5 s of inactivity on the resting grid).

2.4. Immunoblot analysis {#sec2.4}
------------------------

Whole quadriceps muscle from both legs were pulverized together into a powder while frozen in liquid nitrogen. A homogenous sample of pulverized muscle was used for immunoblotting [@bib50]. Proteins from each individual whole cell homogenate were normalized (expressed relative to the pixel densitometry) to glyceraldehyde 3-phosphate dehydrogenase (GAPDH, AM4300, Ambion). Phosphorylation-specific proteins were normalized (expressed relative to pixel densitometry) to the same unphosphorylated protein (e.g. phosphorylated Drp1 at Ser 616 was expressed relative to the pixel densitometry of Drp1 for each individual sample). Primary antibodies included: Mitochondrial Fission Protein 1 (Fis1, GTX111010, GeneTex), Mitochondrial fission factor (MFF, ab81127, Abcam), Mitofusin 1 (MFN1, 75--162, NeuroMab), Mitofusin2 (MFN2, ab56889, Abcam), Transcription factor A, Mitochondrial (TFAM, ab131607, Abcam), Dynamin-related protein 1 (Drp1, 8570, Cell Signaling), phosphorylated Drp1^Ser616^ (4494, Cell Signaling), phosphorylated Drp1^Ser637^ (6319, Cell Signaling), OxPhos Complex I to V (ab110413, Abcam), Optic atrophy 1 (Opa1, 612606, BD Biosciences), PTEN Induced Putative Kinase 1 (Pink1, 10006283, Cayman Chemical), Parkin (2132, Cell Signaling), phosphorylated Parkin^Ser65^ (ab154995, Abcam), Microtubule-associated proteins 1A/1B light chain 3B (LC3B, 2775, Cell Signaling), Sequestosome 1 (p62, 5114, Cell Signaling), Beclin-1 (3738, Cell Signaling), Autophagy Related 7 (ATG7, 8558, Cell Signaling), Protein Kinase A (PKA, 4782, Cell Signaling), AMP-Activated Protein Kinase α (AMPKα, 2793, Cell Signaling), Unc-51 Like Autophagy Activating Kinase 1 (Ulk1, 8054, Cell Signaling), Regulator of Calcineurin (RCAN, SAB2101967, Sigma--Aldrich), Calcineurin A (CalA, 2614, Cell Signaling), Calcineurin B (CalB, ab94535, Abcam), phospho-Ulk1^Ser555^ (5869, Cell Signaling), Autophagy Related 10 (ATG10, PA5-20454, ThermoFisher), phospho-AMPKα^Thr172^ (50081, Cell Signaling), DJ1 (2134, Cell Signaling), PGC1α (2178, Cell Signaling), and phospho-PKA^Thr197^ (5661, Cell Signaling). In certain instances, membranes probed for phospho-proteins were stripped and reprobed for total protein. In [Figure 2](#fig2){ref-type="fig"}B top panel, the Drp1 immunoblot is duplicated in [Supplemental Figure 1](#appsec1){ref-type="sec"} to confirm equal loading of protein for the p-Drp1^Ser637^ immunoblot. In the interest of space, most representative immunoblots are presented in the supplement.Figure 2A single session of moderate intensity exercise increases pro-fission phosphorylation of Drp1 in a time dependent manner and alters the mitochondrial proteome. (A) Quadriceps mRNA expression (presented in a heat map), representing mitochondrial fission, fusion, and autophagy signaling, in SED, EX45, EX90, and EX90+3 h Rest (N = 6/group; one-way ANOVA with Tukey *post hoc* analysis). (B--E) Immunoblot densitometry of quadriceps protein and phospho-protein abundance of mitochondrial fission, fusion, and autophagy signaling, in SED (open bars), EX45 (light gray bars), EX90 (dark gray bars), and EX90+3 h Rest (closed black bars) for C57BL/6J (N = 6/group; additional representative immunoblots presented in [Supplemental Figure 1](#appsec1){ref-type="sec"}; one-way ANOVA with Tukey\'s *post hoc* analysis). Muscle Drp1^Ser616^ phosphorylation in (A) male and female C57BL/6J (N = 6 mice/time point), and (C) female A/J, BALB/CJ, and C3H/HeJ mice (N = 6 mice/group). (F) Transmission electron micrograph (TEM) images of mouse soleus muscle from SED and EX90 groups. (G) Frequency of mitochondrial area (nm^2^) determined from the TEMs obtained from SED and EX90 muscle (494 mitochondria visualized/group; Kolmogorov--Smirnov test for cumulative distribution comparison, *P* = 0.52). (H) Mitochondrial proteomics of gastrocnemius muscle represented in a volcano plot for EX90 vs. SED groups. Dashed line indicates significance threshold and blue dots indicate significance SED vs. EX90 (two-tailed unpaired t-test with Bonferroni correction). (I) Mitochondrial proteomics pathway analysis. (J) Mitochondrial proteomics functional annotation of significantly impacted protein clusters. Data are means ± SEM (N = 6/group). \*, *P* \< 0.05 vs. SED.Figure 2

2.5. DNA & RNA extraction, cDNA synthesis, quantitative RT-PCR, and microarrays {#sec2.5}
-------------------------------------------------------------------------------

DNA and RNA were extracted from a homogenous portion of frozen quadriceps muscle homogenate using DNeasy/RNeasy Isolation kits (Qiagen) as described by the manufacturer. Isolated DNA and RNA was tested for concentration and purity using a NanoDrop Spectrophotometer (Thermo Scientific). Isolated RNA was converted into cDNA, checked for purity, and qPCR of the resulting cDNA levels was performed as previously described [@bib50]. All genes were normalized to the housekeeping gene Ppia or 18S. Mitochondrial DNA content was assessed as a ratio of mitochondrial DNA (mtCO2) to nuclear DNA (SDHA). See [Supplemental Table 2](#appsec1){ref-type="sec"} for a list of qPCR primers.

Total RNA from HMDP mouse muscle (211 females, 228 males) was hybridized to Affymetrix HT_MG-430A arrays and scanned using standard Affymetrix protocols. To reduce the chances of spurious association results, RMA normalization was performed after removing all individual probes with SNPs and all probesets containing 8 or more SNP-containing probes, which resulted in 22,416 remaining probesets. To determine the accuracy of our microarray data, we tested by qPCR the expression of a dozen genes and found an r = 0.7 between qPCR and microarray.

Frozen human muscle biopsies were cooled in liquid nitrogen and crushed to powder by a pestle in a liquid nitrogen-cooled mortar as described by Langleite et al. [@bib51]. Frozen biopsies were transferred into 1 mL QIAzol Lysis Reagent (Qiagen, Hilden, Germany) and homogenized using TissueRuptor (Qiagen) at full speed for 15 s, twice. Total RNA was isolated from the homogenate using RNeasy Mini Kit (Qiagen). RNA integrity and concentration were determined using Agilent RNA 6000 Nano Chips on a Bioanalyzer 2100 (Agilent Technologies Inc, Santa Clara, CA). Using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster, CA), 200 ng of total RNA was converted to cDNA for TaqMan real-time RT-PCR. The cDNA reaction mixture was diluted in water and cDNA equivalent of 25 ng RNA used for each sample. Quantitative real-time PCR was performed with reagents and instruments from Applied Biosystems in the 96-well format using a 7900HT Fast instrument and the SDS 2.3 software (Applied Biosystems). A predeveloped primer and probe set (TaqMan assays; Applied Biosystems) was used to analyze mRNA levels of Dynamin Related Protein 1 (DNM1L) and control gene Peroxisome Proliferator-Activated Receptor Gamma, Coactivator 1 Alpha (PPARGC1A, Hs01016719_m1). Relative target mRNA expression levels were calculated as 2−ΔCt, and normalized to beta-2 microglobulin (B2M, Hs00984230_m1) [@bib52]. mRNA sequencing was performed using the Illumina HiSeq 2000 system (Illumina, San Diego, CA). cDNA sequenced reads alignment was carried out using Tophat v2.0.8. Reads counted by gene feature were performed by featureCounts in Rsubread 1.14.2.

2.6. Plasma lactate {#sec2.6}
-------------------

Plasma lactate was determined using the Eton Bioscience (San Diego, CA) [l]{.smallcaps}-Lactate Assay Kit I protocol Version 7. Briefly, immediately following euthanasia and prior to tissue removal, whole blood was removed via 27-gauge needle from the abdominal aorta and centrifuged at 2,000 x G for 2 min in EDTA-coated tubes. Plasma was removed and a portion was diluted 1:10 in MiliQ H~2~O before performing the lactate assay as per manufacturer\'s instructions.

2.7. Muscle glycogen {#sec2.7}
--------------------

Muscle glycogen was assessed in excised quadriceps muscle using the following protocol adapted from [@bib53]. Briefly, ∼100 mg of gastrocnemius muscle was weighed and cut into small pieces. 1 mL of 30% KOH was added and boiled for ∼25 min. Tubes were cooled to room temperature after which 2 mL of 95% ethanol was added. Tubes were incubated for 30 min on ice, centrifuged at 550 x G for 30 min at 4 °C, and the resulting supernatant was removed. Pellets were dissolved in 1 mL of MiliQ H~2~O after which 1 mL of 5% phenol was added. Samples were further diluted 2:3 in MiliQ H~2~O and 5 mL of 96--98% H~2~SO~4~ was added. Following incubation on ice for 30 min, the optical density was measured at 490 nm. Concentrations were determined using an eight-point glycogen standard curve and normalized to mg of tissue weight assayed.

2.8. Tissue histology {#sec2.8}
---------------------

Gastrocnemius muscles from both Control and mDrp1^+/−^ SED and TRN animals were sectioned and stained for hematoxylin and eosin or cytochrome c oxidase (COX) as previously described [@bib54]. Muscle fiber area, nuclei number, and fiber number were counted or measured using ImageJ software.

2.9. Mitochondrial isolation & proteomic analysis {#sec2.9}
-------------------------------------------------

Mitochondria were isolated from gastrocnemius muscle using a Dounce homogenizer and Mitochondria Isolation Kit for Tissue (Thermo Scientific) with a Percoll density method for added purification [@bib55]. Isolated mitochondria were lysed using bath sonication and a buffer containing: 0.5% sodium deoxycholate, 12 mM sodium lauroyl sarcosine, and 50 mM triethyl ammonium bicarbonate (TEAB). Samples were treated with tris (2-carboxyethyl) phosphine, chloroacetamide, and incubated overnight with Sequencing Grade Modified Trypsin (Promega, Madison, WI) following addition of equal volume ethyl acetate/trifluoroacetic acid. Supernatants were discarded after centrifugation and the resulting phase was desalted on a C18-silica disk (3M, Maplewood, MN) according to Rappsilber\'s protocol [@bib56]. The collected eluent was chemically modified using a TMT10plex Isobaric Label Reagent Set (Thermo Fisher Scientific) as per the manufacturer\'s protocol and an aliquot was taken for measurement of total peptide concentration (Pierce Quantitative Colorimetric Peptide, Thermo Fisher Scientific). The samples were then pooled according to protein content and fractionated via high pH reversed-phase chromatography using a 1260 Infinity LC System (Agilent Technologies, Santa Clara, CA) and a ZORBAX 300 Extend-C18 column (Agilent Technologies, 0.3 × 150 mm, 3.5 μm). Twelve fractions were injected onto a reverse phase nanobore HPLC column (AcuTech Scientific) using an Eksigent NanoLC-2D system (Sciex, Framingham, MA). The effluent from the column was directed to a nanospray ionization source connected to a hybrid quadrupole-Orbitrap mass spectrometer (Q Exactive Plus, Thermo Fisher Scientific) acquiring mass spectra in a data-dependent mode alternating between a full scan (*m/z* 350--1700, automated gain control (AGC) target 3 × 10^6^, 50 ms maximum injection time, FWHM resolution 70,000 at m/z 200) and up to 10 MS/MS scans (quadrupole isolation of charge states ≥ 2, isolation width 1.2 Th) with previously optimized fragmentation conditions (normalized collision energy of 32, dynamic exclusion of 30 s, AGC target 1 × 10^5^, 100 ms maximum injection time, FWHM resolution 35,000 at *m/z* 200). The raw data were analyzed in Proteome Discoverer 2.2, providing measurements of peptide relative abundance. Downstream analysis was performed using DAVID Bioinformatics Resources and Ingenuity Pathway Analysis.

2.10. Statistical analysis {#sec2.10}
--------------------------

Values are presented as means ± SEM and expressed relative to the respective control group. Group differences were assessed by one-way ANOVA followed by Tukey\'s Honest Significant Difference *post hoc* test, Student\'s t-test, or two-way ANOVA where appropriate. Histogram representing mitochondrial area distribution between SED vs. EX90 was assessed by Kolmogorov--Smirnov test. Statistical significance was established *a priori* at *P* \< 0.05 (Graph Pad Prism 7.0).

3. Results {#sec3}
==========

3.1. The impact of acute exercise on markers of the mitochondrial life cycle {#sec3.1}
----------------------------------------------------------------------------

We used a variety of exercise protocols to challenge mouse muscle in order to determine the impact on acute mitochondrial signaling and chronic mitochondrial adaptation. As expected, acute exercise for 90 min (EX90) induced expression of regulators of mitochondrial biogenesis and this elevation was sustained into the 3 h rest period following acute exercise (EX90+3h Rest; *P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}A). *Pgc1a*, *NRF1*, and *Polg1* were all significantly induced during acute exercise and this robust expression profile was durable into the 3 h recovery period. By comparison, muscle expression of *Tfam*, *Peo1*, *Polrmt*, and *Gfm2* genes associated specifically with mtDNA replication and transcription, were significantly induced in the recovery period. Despite the increase in expression of the mitochondrial biogenesis gene profile, we did not detect an increase mtDNA copy number or mtCO2 expression, a gene transcribed by the mitochondrial genome (*P* \> 0.05, [Figure 2](#fig2){ref-type="fig"}A), until the exercise stimulus was chronic as with training.

Similar to markers of mitochondrial biogenesis, regulators of mitochondrial fission, *Fis1* (outer mitochondrial membrane bound Drp1 docking protein) and *Dnm1L* (encodes the protein Drp1) were upregulated in muscle of mice after EX90, although only *Fis1* remained elevated during the 3 h recovery period, *Dnm1L* returned to baseline (EX90+3 h Rest) (*P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}A). In contrast to *Fis1*, *Mff* expression was reduced during acute exercise and this reduction in expression reached statistical significance during the 3 h recovery period (EX90+3 h Rest) (*P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}A). Expression of outer mitochondrial membrane fusion markers *Mfn1* and *Mfn2* were unchanged by exercise (*P* \> 0.05, [Figure 2](#fig2){ref-type="fig"}A). However, muscle expression of the internal mitochondrial membrane cristae remodeling regulator *Opa1* was increased by EX90, and robustly maintained during exercise recovery (EX90+3h Rest; *P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}A). General markers of mitophagy and autophagy, *Pink1* and *Mapcl3b*, respectively, were both increased only during the recovery period from EX90 (EX90+3h Rest) (*P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}A).

In contrast to the mRNA response to exercise, the protein level of all regulators of the mitochondrial life cycle remained unchanged during exercise and during the acute post-exercise recovery period (*P* \> 0.05, [Figure 2](#fig2){ref-type="fig"}B--D, [Supplemental Figure 1A](#appsec1){ref-type="sec"}). Because we observed a sharp contrast in the response of *Dnm1L* mRNA vs. Drp1 protein during exercise, we investigated the activation state of the protein. We immunoblotted the phosphorylation status at Ser616, (purported activation site), and found that it was robustly elevated in muscle from both female and male mice during EX45-EX90, but returned to baseline SED levels during post-exercise recovery (EX90 + 3h Rest) (*P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}B). To confirm that the exercise-induced phosphorylation of Drp1^Ser616^ is robust and reproducible, we immunoblotted muscle homogenates from 3 additional strains of female mice with varied running capacity (BALB/CJ high, A/J medium, and C3H/HeJ low) following 90 min of treadmill running (EX90). In each of the 3 strains, Drp1^Ser616^ was markedly elevated over sedentary control ([Figure 2](#fig2){ref-type="fig"}C). In contrast to the increase in fission signaling, we detected no change in pro-fusion markers including Drp1^Ser637^ (purported inhibitory site [@bib57], [@bib58]), Mfn 1/2, and OPA1 during exercise or after 3 h exercise recovery ([Figure 2](#fig2){ref-type="fig"}D; [Supplemental Figure 1A](#appsec1){ref-type="sec"}).

Because damaged or unneeded mitochondria are eliminated by autophagic-lysosomal degradation, we assessed macro- and micro-autophagy (specifically mitophagy) signaling. Macroautophagy, commonly reflected as a ratio of LC3BII:LC3BI (LC3B processing includes protein cleavage and lipidation), was elevated in muscle only during the 3 h recovery period (EX90+3h Rest) (*P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}E and [Supplemental Figure 1A](#appsec1){ref-type="sec"}). Although we observed a shift in the molecular weight distribution of the outer mitochondrial membrane (OMM) potential-sensitive Ser--Thr kinase PINK1 at EX90 and during the recovery period, the difference from SED did not reach statistical significance ([Supplemental Figure 1A](#appsec1){ref-type="sec"}). No difference in Parkin or p-Parkin was detected during exercise or after a 3 h exercise recovery period ([Figure 2](#fig2){ref-type="fig"}E and [Supplemental Figure 1A](#appsec1){ref-type="sec"}).

Electron micrograph images show that acute exercise induces a remarkably diverse response in mitochondrial morphology by location, presumably the consequence of regional energy demand ([Figure 2](#fig2){ref-type="fig"}F). After 90 min of exercise, some mitochondria along specific areas of the muscle z-line (intermyofibrillar mitochondria comprise 80% of the total network) appear smaller and more round with dense cristae architecture, whereas in other areas, mitochondria are enlarged with enhanced mitochondria--mitochondria contacts, or electron dense contacts (EDCs) as previously observed by Picard et al. [@bib59]. The diversity in response may indicate that there are mitochondrial sub-populations in skeletal muscle with altered morphology to enable specific processes in response to changing energy supply and demand that occurs during activity [@bib31], [@bib60]. In aggregate and congruent with findings by Picard et al. [@bib59], we observed no difference in the distribution of mitochondrial area between the groups, SED vs. EX90 ([Figure 2](#fig2){ref-type="fig"}G; *P* = 0.52).

To obtain a global picture of the mitochondrial proteome during acute exercise, we performed mass spectroscopy analysis on mitochondria from gastrocnemius muscle from female C57BL/6J mice (SED vs. EX90). Interestingly, the expression of the majority of proteins altered by EX90 were reduced, 69 of 550 (*P* \< 0.05, [Figure 2](#fig2){ref-type="fig"}H). Although analysis revealed alterations in a number of pathways, none reached statistical significance (*P* \> 0.05, [Figure 2](#fig2){ref-type="fig"}I). Functional annotation classification revealed proteins involved in basic mitochondrial processes and sub-cellular localization as significantly impacted by acute treadmill running, EX90 ([Figure 2](#fig2){ref-type="fig"}J). Mitochondrial proteins significantly reduced by acute exercise (N = 60) included Smdt1 (calcium uniporter, Single-Pass Membrane Protein With Aspartate Rich Tail 1) and mtND1 (NADH Dehydrogenase, Subunit 1, Complex 1). Of the 9 mitochondrial proteins significantly increased by EX90, Ndufaf7 (NADH:Ubiquinone Oxidoreductase Complex 1 Assembly Factor 7) and Bdh1 (3-Hydroxybutyrate Dehydrogenase 1) were most notable ([Figure 2](#fig2){ref-type="fig"}H).

3.2. Impact of exercise training on mitochondrial life cycle markers and proteome {#sec3.2}
---------------------------------------------------------------------------------

As expected, exercise training (TRN, average distance 6.81 ± 0.32 km/day) promoted body weight reduction compared to pre-training body weight (*P* \< 0.05, Pre-TRN = 22.3 ± 0.4 g, Post-TRN = 20.4 ± 0.7 g; [Figure 3](#fig3){ref-type="fig"}A). Inguinal and ovarian (gonadal) adipose tissue weight was reduced following TRN as compared to SED, whereas heart weight was increased by TRN as previously shown (*P* \< 0.05, [Figure 3](#fig3){ref-type="fig"}A right panel). No difference in muscle weight was detected between the SED control and TRN groups, although these were two independent cohorts of littermate mice.Figure 3Chronic exercise training increases pro-fusion phosphorylation of Drp1 in post-exercise recovery period (Experiment 2). (A) Body and tissue weights (quadriceps, gastrocnemius, gonadal WAT, inguinal WAT, and heart) in SED and TRN female mice (N = 6/group; two-way repeated measures ANOVA with Tukey *post hoc* analysis for left panel and; two-tailed unpaired t-test for right panel). (B) Quadriceps mRNA abundance (presented in a heat map), representing mitochondrial fission, fusion, and autophagy signaling, in SED vs. TRN (N = 6/group; two-tailed unpaired t-test). Muscles were harvested from TRN mice 30 h following the cessation of exercise including a 6 h fast. (C--E) Immunoblot densitometry of quadriceps protein and phospho-protein abundance representing mitochondrial fission, fusion, and autophagy signaling, in SED (open bars) and TRN (closed bars) mice (N = 6/group) (representative immunoblots presented in [Supplemental Figure 1](#appsec1){ref-type="sec"}). (F) Mitochondrial proteomics determined by mass spectrometry analysis of gastrocnemius muscle and presented as a volcano plot (dashed line indicates significance threshold; blue dots indicate significance, N = 4/group; two-tailed unpaired t-test with Bonferroni correction). (G) Mitochondrial proteomics pathway analysis (two-tailed unpaired t-test), and (H) mitochondrial functional annotation of significantly impacted protein clusters. Data are means ± SEM. \*, *P* \< 0.05 vs. SED.Figure 3

At the end of the 30 d exercise training period, running wheels were locked. Animals were euthanized 30 h after the wheels were locked (6 h after food removal), so as to avoid the effects of the last exercise bout. In muscle, several, but not all, transcripts associated with mitochondrial biogenesis were robustly upregulated following TRN ([Figure 3](#fig3){ref-type="fig"}B) including *Pgc1a* (↑2.7-fold), *PolgII* (↑1.4-fold), and *Polrmt* (↑12.3-fold) compared with SED (*P* \< 0.05, [Figure 3](#fig3){ref-type="fig"}B). The copy number of mtDNA (↑86%; *P* = 0.026) and the expression of the mitochondrial transcribed gene *mtCO2* were also significantly higher in TRN vs SED animals (*P* \< 0.05, [Figure 3](#fig3){ref-type="fig"}B). Gene expression levels of regulators of mitochondrial fission were reduced 30 h after exercise in TRN animals (*P* \< 0.05, [Figure 3](#fig3){ref-type="fig"}B), whereas expression levels of mitochondrial fusion, mitophagy, and autophagy genes were elevated but most failed to reach significance (*P* \> 0.05, [Figure 3](#fig3){ref-type="fig"}B). The protein levels of mitochondrial fission and fusion markers were also assessed by immunoblotting. Similar to acute exercise, the protein levels of regulators of the mitochondrial life cycle were unchanged by exercise training (*P* \> 0.05, [Figure 3](#fig3){ref-type="fig"}C--E, [Supplemental Figure 1B](#appsec1){ref-type="sec"}). However, we observed that the phosphorylation state of Drp1 at Ser637, a post-translational modification purported to reduce Drp1 translocation and mitochondrial fission, was elevated in TRN animals (*P* \< 0.05, [Figure 3](#fig3){ref-type="fig"}D), suggesting a possible TRN-induced shift in mitochondrial dynamics in the post-exercise recovery phase.

The mitochondrial proteome in gastrocnemius muscle from female mice was assessed following training, and in contrast to acute treadmill running, long-term volitional wheel running promoted a marked upregulation of mitochondrial proteins over that observed during acute exercise (*P* \< 0.05, [Figure 3](#fig3){ref-type="fig"}F--H). Overall, fewer proteins were diminished after acute exercise following TRN compared to acute exercise of previously SED animals ([Figure 2](#fig2){ref-type="fig"}, [Figure 3](#fig3){ref-type="fig"}). Thus, our findings support the notion that TRN may enhance mitochondrial proteostasis [@bib61]. Pathway analysis revealed a number of functional categories altered by TRN, including oxidative phosphorylation as the most highly induced by TRN (*P* \< 0.05, [Figure 3](#fig3){ref-type="fig"}G). As would be predicted, functional annotation classification revealed that chronic exercise impacted proteins involved in basic mitochondrial processes and sub-cellular localization ([Figure 3](#fig3){ref-type="fig"}H).

3.3. Impact of TRN on acute exercise performance and mitochondrial dynamics signaling {#sec3.3}
-------------------------------------------------------------------------------------

To determine the effect of TRN on acute exercise performance, TRN mice performed an acute about of treadmill running (TRN + EX90) at the same relative intensity performed by control EX90 (cohort 2). Consistent with TRN alone group, TRN + EX90 mice ran 6.47 ± 0.24 km per day and showed a similar reduction in body weight (*P* \< 0.05, Pre-TRN + EX90 = 22.5 ± 0.8 g, Post-TRN + EX90 = 20.9 ± 0.8 g). Moreover, inguinal and gonadal white adipose tissue fat pad weights were reduced in TRN + EX90 when compared to SED and EX90 animals (cohort 2) (*P* \< 0.05). Maximum running speed was assessed one week prior to completion of the experimental protocol in all animals. A significantly higher maximum running speed (51.7 ± 1.4 m/min) during acute treadmill running was achieved by TRN female mice compared with untrained animals (40.7 ± 2.9 m/min, *P* \< 0.05).

Regardless of training status, acute exercise (EX90) induced a similar increase in expression of *PGC1α* (identical expression levels observed between EX90 and TRN + EX90 groups; *P* \< 0.05, [Figure 4](#fig4){ref-type="fig"}A). Our findings show that alterations to the mitochondrial genome including regulators of DNA replication, translation, and copy number, require a repeated exercise stimulus delivered by training. Whereas TRN appears to heighten the expression response of *Dnm1L* to acute exercise (EX90) ([Figure 4](#fig4){ref-type="fig"}A; EX90 vs. TRN + EX90, *P* = 0.018), Drp1^Ser616^ was similar between the EX groups (TRN + EX90 vs. EX90; [Figure 4](#fig4){ref-type="fig"}B). Drp1 total protein levels were unchanged by exercise regardless of training status, although localization of the protein and its macromolecular structure are critical for understanding its action upon the mitochondrion. Additionally, we observed no change in other fission-fusion-autophagy markers in EX90 or TRN + EX90 vs. SED ([Figure 4](#fig4){ref-type="fig"}B--D, [Supplemental Figure 1C](#appsec1){ref-type="sec"}).Figure 4Drp1 pro-fission signaling is increased during acute exercise in muscle from trained female mice. (A) Quadriceps mRNA abundance (presented in a heat map), representing mitochondrial fission, fusion, and autophagy signaling, in SED, EX90, and TRN + EX90 (N = 6/group; one-way ANOVA with Tukey *post hoc* analysis). Muscles were harvested from both EX90 groups immediately following the cessation of exercise. (B--D) Quadriceps protein and phospho-protein representing mitochondrial fission, fusion, and autophagy signaling, in SED (open bars), EX90 (gray bars), and TRN + EX90 (black bars) (N = 6/group; representative immunoblots presented in [Figures. 4](#fig4){ref-type="fig"}B and [S1](#appsec1){ref-type="sec"}; one-way ANOVA with Tukey *post hoc* analysis). Data are means ± SEM (N = 6/group). \*, *P* \< 0.05 vs. SED.Figure 4

Although the protein level of mitophagy or macroautophagy regulators were not different between SED, EX90, and TRN + EX90 (*P* \> 0.05, [Figure 4](#fig4){ref-type="fig"}D), we observed an increase in expression of the macroautophagy regulator LC3B, *Maplc3b* in TRN + EX90 compared with SED animals, a finding similar to the increase in EX90 alone (*P* \< 0.05, [Figure 4](#fig4){ref-type="fig"}A). A limitation of this study is that we did not measure autophagic flux by inhibiting lysosomal function or LC3B processing.

3.4. Muscle *DNM1L* expression in healthy normoglycemic and dysglycemic men, and in a panel of recombinant inbred mice {#sec3.4}
----------------------------------------------------------------------------------------------------------------------

Because *Dnm1L* expression was significantly induced by acute and chronic exercise in female mice, we assessed the effect of exercise on muscle *DNM1L* expression in sedentary normoglycemic and dysglycemic men. We found that basal *DNM1L* expression was reduced by 15% (*P* = 0.01) in muscle of dysglycemic men compared with healthy normoglycemic controls ([Figure 5](#fig5){ref-type="fig"}A). Following 12 weeks of endurance and strength training (TRN), *DNM1L* expression was increased in both control (*P* = 0.029) and dysglycemic (*P* = 0.002) men; however, due to the differences in baseline expression, levels in DG men were similar to untrained controls following TRN ([Figure 5](#fig5){ref-type="fig"}A). Moreover, we examined *Dnm1L* gene expression in a 15-strain subset of the HMDP following 30 d of long-term exercise training. Similar to findings for TRN in C57BL/6J, a reduction in *Dnm1L* gene expression was observed in muscle harvested 30 h after the last training bout in recombinant inbred mice of the HMDP (*P* \< 0.05, [Figure 5](#fig5){ref-type="fig"}B). To determine the genes most highly associated with *Dnm1L* expression, we mined the muscle expression data from the HMDP ([Figure 5](#fig5){ref-type="fig"}B). We found that muscle *Dnm1L* expression is higher in female mice vs. males, and that the variance about the mean was larger for females compared with male mice ([Figure 5](#fig5){ref-type="fig"}C). Interestingly, specific transcription factors, transcription co-factors, and chromatin remodeling elements known to play a role in muscle and mitochondrial metabolism were the most highly correlated transcripts with *Dnm1L* (*P* \< 0.05, [Figure 5](#fig5){ref-type="fig"}D). These findings are consistent with our prior studies showing that *Dnm1L* is induced by estrogen receptor agonists [@bib46].Figure 5*DNM1L* gene expression and gene correlations in muscle from normoglycemic and dysglycemic men at rest and during exercise, and in 15 strains of recombinant inbred mice from the Hybrid Mouse Diversity Panel (HMDP). (A) Muscle *DNM1L* expression levels at basal and immediately following cycling training in N = 13 normoglycemic control and N = 13 dysglycemic (DG) men aged 40--65 years (two-way repeated measures ANOVA with Tukey\'s *post hoc* analysis). (B) *Dnm1L* muscle gene expression (presented as a dot plot) in a fifteen-strain subset (N = 4 mice/strain; two-tailed unpaired t-test) female HMDP mice, SED vs. TRN (normal chow fed mice 12 weeks of age). Muscles were harvested from TRN mice 30 h following the cessation of exercise (including a 6 h fast). (C) *Dnm1L* expression levels were elevated in female mouse muscle and showed greater variability over males. (D) Genes significantly correlated with *Dnm1L* expression (cut off criteria *P* \< 0.0001; yield = 2483 genes significantly correlated including a high number of transcription factors) in skeletal muscle of male and female HMDP mice (12 weeks of age) fed a HF/HS diet for eight weeks (N = 84 strains/sex, 4 mice/strain). Muscles were harvested from HMDP mice following a 4--6 h fast. \*, *P* \< 0.05 vs. SED. \#, *P* \< 0.05 Pre-TRN vs. Post-TRN human muscle *DNM1L* expression.Figure 5

3.5. *Dnm1L* is critical for exercise performance and training adaptations in muscle {#sec3.5}
------------------------------------------------------------------------------------

To determine the role Drp1 in acute exercise performance and exercise training-induced mitochondrial adaptations, mice with a conditional muscle-specific heterozygous deletion (mDrp1^+/−^; [Figure 6](#fig6){ref-type="fig"}A) performed 90 min treadmill running (EX90) or 30 d of volitional wheel running (TRN). Because we used the MCK Cre mouse line to achieve deletion of the Drp1 floxed allele, we confirmed a normal expression and protein abundance of Drp1 in cardiac muscle compared with Control (f/f) ([Figure 6](#fig6){ref-type="fig"}B). Prior to chronic exercise training, we performed acute exercise studies including tests of maximal running speed and dynamic hanging (latency to fall). Both maximal running speed and hanging time were reduced in mDrp1^+/−^ mice vs. Controls (*P* \< 0.05, [Figure 6](#fig6){ref-type="fig"}C--D). Following 90 min of moderate intensity exercise, plasma lactate was similarly elevated in both Control and mDrp1^+/−^ animals (*P* \< 0.05, [Figure 6](#fig6){ref-type="fig"}E), although the increase in EX90 over SED was only statistically significant for mDrp1^+/−^. Interestingly, muscle glycogen was significantly reduced following acute exercise (EX90) for f/f Control, but was not statistically different between SED vs. EX90 for mDrp1^+/−^ animals (*P* \< 0.05, [Figure 6](#fig6){ref-type="fig"}F).Figure 6Muscle-specific reduction in Drp1 reduces maximal running speed and muscle endurance capacity in female mice. (A--B) Immunoblots and densitometric analysis of skeletal and cardiac muscle Drp1 total protein in Control and mDrp1+/− mice (representative immunoblots N = 4 per genotype; densitometry N = 8; two-way unpaired t-test). (C) Maximum running speed (m/min), and (D) latency to fall (seconds; N = 3 with three independent trials/per animal) in SED Control (open bars) and mDrp1^+/−^ (closed bars) mice (N = 7--9; two-tailed unpaired t-test). (E) Plasma lactate (mmol/l) and (F) muscle glycogen (mg/g) from quadriceps muscle of control (open bars) and mDrp1^+/−^ (closed bars), SED vs. EX90 mice using repeated measures ANOVA and two-way ANOVA with Tukey\'s *post hoc* analysis respectively. (G--H) Quadriceps gene expression in Control (open bars) and mDrp1^+/−^ (closed bars) mice after EX90 (two-tailed unpaired t-test). (I) Mitochondrial DNA copy number in quadriceps muscle of SED and EX90, Control (open bars) and mDrp1^+/−^ (closed bars) mice (two-way ANOVA with Tukey *post hoc* analysis). (J--O) Inmmunoblots and densitometric analysis of protein and phospho-protein expression of select fission, fusion, and autophagy markers from quadriceps muscle of SED and EX90, Control (open bars) and mDrp1^+/−^ (closed bars) mice (two-way ANOVA with Tukey\'s *post hoc* analysis). Data are means ± SEM. N = 6--8/group. \*, *P* \< 0.05 vs. control SED. ^\#^, *P* \< 0.05 SED vs. EX90 for mDrp1^+/−^.Figure 6

Gene expression of mitochondrial biogenesis and autophagy markers were examined for Control and mDrp1^+/−^ animals following acute exercise (*P* \> 0.05, [Figure 6](#fig6){ref-type="fig"}G--I). Similar to our observations for wildtype C57BL/6J mice (SED vs. EX90), all markers of mitochondrial biogenesis as well as mtDNA copy number were identical between the genotypes (f/f Control vs. mDrp1^+/−^) at rest and following EX90 (*P* \> 0.05, [Figure 6](#fig6){ref-type="fig"}G,I). We also evaluated protein and mRNA expression of select markers of mitochondrial fission, fusion, mitophagy, and autophagy, which were comparable between Control and mDrp1^+/−^ animals (*P* \> 0.05, [Figure 6](#fig6){ref-type="fig"}H, J-P).

Prior to training we determined whether muscle Drp1 deletion impacted exercise capacity, and found that time to exhaustion was unaffected by Drp1 expression in untrained animals (*P* \> 0.05, [Figure 7](#fig7){ref-type="fig"}A). By contrast, running time to exhaustion increased by 20--40% in Control floxed animals following training ([Figure 7](#fig7){ref-type="fig"}A, *P* \< 0.05); however, the training improvement in exercise capacity was significantly blunted in mDrp1^+/−^ mice. This difference in training-induced performance occurred despite identical body weight loss and total distance run during the 30-day training protocol between the genotypes ([Figure 7](#fig7){ref-type="fig"}A--B, D). Although we detected no difference in body weight between the genotypes, gonadal white adipose tissue (gWAT) weight was significantly higher in mDrp1^+/−^ animals post-training (*P* \< 0.05, [Figure 7](#fig7){ref-type="fig"}C). Muscle fiber cross sectional area in gastrocnemius muscle was unchanged in SED Control and mDrp1^+/−^ animals (*P* \< 0.05, [Figure 7](#fig7){ref-type="fig"}E). However, although muscle cross-sectional area increased in both genotypes of mice post-training, a larger increase in muscle cross-sectional area was observed for f/f Control vs. mDrp1^+/−^ (*P* \< 0.05, [Figure 7](#fig7){ref-type="fig"}E). Nuclei per muscle fiber was also increased in both genotypes post-training, although a larger increase in nuclei number was observed in mDrp1^+/−^ mice (*P* \< 0.05, [Figure 7](#fig7){ref-type="fig"}F). COX staining was similar between the genotypes following exercise training ([Figure 7](#fig7){ref-type="fig"}G--H).Figure 7Muscle-specific reduction in Drp1 alters response to exercise training (TRN). (A) Time to treadmill running exhaustion displayed in seconds and (B) cumulative distance run in kilometers for female Control (open bars) vs. mDrp1^+/−^ (closed bars) mice (N = 7--9; two-tailed unpaired *t-*test). (C) Tissue weights in age-matched littermates of SED and TRN Control vs. mDrp1^+/−^ (two-tailed unpaired *t*-test). (D) Body weights of Control vs. mDrp1^+/−^, pre- and post-exercise training (two-way repeated measures ANOVA with Tukey *post hoc* analysis). (E) Muscle fiber cross sectional area and (F) nuclei number/fiber from gastrocnemius muscle of SED (open bars) and TRN (closed bars) Control vs. mDrp1^+/−^ (two-tailed unpaired *t*-test). (G--H) Cytochrome C oxidase staining in gastrocnemius muscle from TRN Control and mDrp1^+/−^ animals (representative image for each genotype; COX + staining between the genotypes compared using two-tailed unpaired *t*-test). Data are means ± SEM (N = 7--9/group). \*, *P* \< 0.05, vs. Control. \#, *P* \< 0.05, from pre-training or SED mDrp1^+/−^. Φ, *P* \< 0.05 vs. post-training or TRN Control. \$, *P* \< 0.05 main affect from pre-training.Figure 7

Several genes related to mitochondrial biogenesis were measured in muscle of both genotypes following TRN, and we identified PolGII as the only gene reduced in mDrp1^+/−^ vs. f/f Control (*P* \< 0.05, [Figure 8](#fig8){ref-type="fig"}A). No differences between the genotypes for other genes related to muscle structure, autophagy, mitophagy, muscle size, mitochondrial protein synthesis, vascularization, and cellular signaling were detected following TRN (*P* \> 0.05, [Figure 8](#fig8){ref-type="fig"}A). In contrast to PolGII, expression of Sphingosine-1-Phosphate Receptor 3 (S1pr3), and Regulator of Calcineurin (RCAN) 1 were increased in muscle of mDrp1^+/−^ following TRN vs. f/f Control (*P* \< 0.05, [Figure 8](#fig8){ref-type="fig"}A). mtDNA copy number was not different between f/f Control and mDrp1^+/−^ groups following TRN (*P* \> 0.05, [Figure 8](#fig8){ref-type="fig"}B). We evaluated protein expression of regulators of the mitochondrial lifecycle and found alterations in MFN1, Beclin-1, ATG7, DJ1, TFAM, and Parkin (*P* \< 0.05, [Figure 8](#fig8){ref-type="fig"}C, [Supplemental Figure 2](#appsec1){ref-type="sec"}). An increase in the phosphorylation of Protein Kinase A (PKA) at Threonine 197 in TRN mDrp1+/− over f/f Control was also observed (*P* \< 0.05, [Figure 8](#fig8){ref-type="fig"}C). We have previously shown that activation of the RCAN1-PKA axis impairs mitochondrial fission and promotes a hyperfused mitochondrial phenotype [@bib46]. We hypothesize, that the capacity to rapidly remodel mitochondria dictates metabolic flexibility, and our findings suggest that Drp1 action, underlies in part, the enhancement in mitochondrial dynamics and improvements in metabolic health and performance associated with exercise training.Figure 8Alterations in gene and protein expression following chronic exercise training in female Control and mDrp1^+/−^ animals. (A) Quadriceps gene expression expressed as fold-change for mDrp1^+/−^ TRN relative to Control TRN animals (two-tailed unpaired t-test; normalized to 18S). (B) Mitochondrial DNA copy number in quadriceps muscle of female Control (open bars) and mDrp1^+/−^ (closed bars) animals following TRN (two-tailed unpaired t-test). (C) Muscle protein expression in mDrp1^+/−^ relative to Control following TRN (two-tailed unpaired t-test; representative immunoblots presented in [Supplemental Figure 2](#appsec1){ref-type="sec"}). Muscles were harvested from TRN mice 30 h following the cessation of exercise including a 6 h fast. Data are means ± SEM. N = 7--9/group. \*, *P* \< 0.05 mDrp1^+/−^ vs. Control.Figure 8

4. Discussion {#sec4}
=============

Exercise imposes energetic demand upon skeletal muscle cells; however, the mechanisms by which mitochondria remodel and adapt to meet the metabolic challenge remains inadequately understood [@bib62]. Because mitochondria are responsible for energy production within skeletal muscle cells, we determined how endurance exercise impacts mitochondrial dynamics signaling. To accomplish this we utilized three exercise protocols and examined more than 20 regulators of mitochondrial function. Our findings show that regardless of training status, all aspects of the mitochondrial lifecycle are impacted by acute exercise and chronic endurance exercise training.

Acute treadmill running promoted increased expression of genes related to mitochondrial biogenesis including *Pgc1a*, *TFAM*, *NRF1*, and *Polg1*. Additionally, expression levels of fission markers, *Fis1* and *Dnm1L*, and cristae remodeling gene *Opa1*, were increased by 90 min of exercise and expression of these genes remained elevated during the 3hr post-recovery period. Similar to mice, acute exercise increased *DNM1L* gene expression in healthy normoglycemic untrained and trained men, as well as dysglycemic men who displayed reduced basal pre-exercise *DNM1L* expression levels compared with metabolically healthy individuals. Our findings in human subjects are in line with previous work by Kruse et al. [@bib63]. When the post-exercise recovery period was extended to 30 h in SED and TRN mice, only *Pgc1a* and regulators of the mitochondrial genome, *PolgII* and *Polrmt*, as well as mtDNA copy number remained elevated. Genes regulating mitochondrial fission including *Fis1*, *Mff*, and *Dnm1L* were all significantly reduced in TRN vs. SED muscle when measured 30 h after the last exercise bout.

Although no alteration in total Drp1 protein from whole cell lysates was detected for any of the exercise interventions, we observed a robust increase in phosphorylation of Drp1 at its purported activation site Ser616, and we have previously shown that Ser616:Ser637 phosphorylation status correlates with Drp1 abundance on the OMM [@bib64]. The increase in phosphorylation status occurred as early as 45 min and was sustained through 90 min of treadmill running, the longest duration of acute exercise performed. Our findings of an exercise-induced increase in muscle Drp1^Ser616^ in both male (C57BL/6J) and female (C57BL/6J, BALB/CJ, A/J, and C3H/HeJ) mice, is consistent with findings published by Kruse et al. [@bib63]. During the 3 h post-exercise recovery period, Drp1^Ser616^ levels returned to basal phosphorylation status. Collectively, our findings suggest that the timing of measurement during exercise, post-exercise, and following training is critical because mitochondrial remodeling (reflected by signal transduction in this study) is a rapid and dynamic process.

Since Drp1^Ser616^ is previously associated with enhanced mitochondrial fission [@bib65], we have been intrigued by the preponderance of electron micrograph images, including those generated by our laboratory, showing no to modest increase in mitochondrial size, but enhanced electron dense contacts (EDCs) between mitochondria [@bib59]. Findings by Liu et al. [@bib66], using high resolution microscopy, provide some resolution to these apparently conflicting observations by providing evidence for two modes of fusion-fission in mammalian cells. These modes include the well-described complete mitochondrial fusion vs. transient fusion. In contrast to complete fusion events, transient fusion is characterized by rapid kiss-and-run dynamics, in which mitochondria undergo heightened fission-fusion cycling with fission occurring proximal to the site of mitochondria--mitochondria contact. By comparison to complete fusion, which markedly alters mitochondrial morphology, kiss-and-run fusion permits architectural maintenance. Of interest, transient kiss-and-run fusion events are highly dependent upon rapid Drp1 action [@bib66]. Microscopy studies elegantly show that genetic Drp1 inactivation reduces transient fusion flux, but elevates the proportion of complete fusion events whereby all four membranes are fused, full exchange of mitochondrial contents is achieved, and long-term alteration of mitochondrial topology is observed [@bib66]. Functionally these distinct fusion events appear to serve different purposes; complete fusion is shown to be critical for mtDNA maintenance [@bib20], [@bib67], whereas transient fusion is thought to be essential for mitochondrial metabolism and motility [@bib33], [@bib66], [@bib68]. Of interest, kiss-and-run dynamics require specific IMM fusion-independent actions of OPA1 on the cristae and cytoskeletal anchorage [@bib66], and these events may be influenced by muscle tension and motor protein force generation. Indeed, an increase in electron dense mitochondrial contacts characterized as transient tethers have been previously observed during acute exercise [@bib59]. Similar to our findings, exercise-induced EDCs were observed in the absence of change in OPA1 and MFN2 protein abundance [@bib59].

A major limitation in our understanding of mitochondrial dynamics during exercise is our heavy reliance on signaling and electron microscopy (static observations), and our inability to visualize individual mitochondria *in vivo* in real time. Moreover, a limitation of the present study is that we did not discretely measure mitochondrial dynamics signaling in the subsarcolemmal and intermyofibrillar compartments. Considering that it is now well-accepted that several distinct mitochondrial pools reside in skeletal muscle and serve vastly different functions, it could be that selective mitochondrial remodeling paradigms are engaged to drive specific mitochondrial activities including oxidative metabolism, uncoupling of oxidative phosphorylation, calcium buffering, retrograde signaling, and DNA replication. Case in point, subsarcolemmal (SS) mitochondria are thought to provide energy for membrane related events including cell signaling, substrate and ion transport, while intermyofibrillar (IMF) mitochondria supply ATP to contracting myofibrils [@bib69], [@bib70], [@bib71]. SS mitochondria represent only 20--30% of the total skeletal muscle mitochondrial pool, but appear by 3D analysis to have a different morphology from IMF (including form factor, aspect ratio, and circularity) [@bib72], and to be more responsive to physical activity, but markedly reduced in abundance in aging, obesity and type 2 diabetes [@bib69], [@bib73], [@bib74]. Moreover, mitochondrial ultrastructural analyses by Picard and Turnbull [@bib72] suggest that there are active processes involved in mitochondrial shaping that maintain selective morphology to preserve mitochondrial function in these distinct mitochondrial populations. In addition to the two distinct mitochondrial pools previously characterized by [@bib69], [@bib70], [@bib74], more recent evidence has emerged describing a unique mitochondrial pool that is intimately associated with the lipid droplet and involved in the regulation of lipid storage and metabolism [@bib60]. Considering the robust phenotype of lipid accumulation in muscle lacking Drp1, mitochondrial dynamics signaling may very well play an important role in substrate storage and utilization [@bib60]. Additional studies are required to determine how these specific mitochondrial pools are regulated so as to better understand structure--function relationships at rest and during physical activity.

Since sex is shown to play a key role in the regulation of metabolism and mitochondrial function, an important aspect of our study was the assessment of sex in controlling the natural variation in muscle *Dnm1L* expression of a large panel of recombinant inbred mice. We observed that muscle *Dnm1L* expression levels were elevated in females compared with males, and that there was significantly greater variability in muscle *Dnm1L* expression for females. These findings suggest a possible sex difference in the regulation of mitochondrial dynamics supporting known differences in mitochondrial density, substrate metabolism, and insulin sensitivity between males and females [@bib75], [@bib76], [@bib77]. Muscle *Dnm1L* expression levels in both sexes correlated with a variety of factors that affect muscle metabolism and mitochondrial function including *Esr1*, *Pparg*, *Tfam*, *Nrf1*, *Myod1*, and *Myf6*. We exercise trained a 15-strain subset of the HMDP and found a similar acute exercise-induced increase in *Dnm1L* expression compared to C57BL/6J; moreover, also similar to our findings for C57BL/6J, *Dnm1L* expression declined to 20% below that of SED untrained for all TRN HMDP strains studied during a 30h post-exercise recovery period. These data are consistent with findings by Fealy et al. showing reduced *DNM1L* expression as well as Drp1^Ser616^ phosphorylation in human muscle during longer duration post-exercise recovery [@bib42].

Taken together, our findings from the study of several cohorts of mice and human subjects under different paradigms of acute and chronic exercise show internal consistency with respect to an acute exercise-induced increase *in Dnm1L* expression and Drp1 phosphorylation, followed by a return to baseline in *Dnm1L* expression and Drp1 phospho-protein levels during post-exercise recovery. In addition, we found that muscle Drp1 deletion reduced maximal running speed and muscular endurance, and blunted the improvement in running time to exhaustion following training. These impairments in performance are in line with our previous findings of reduced oxidative metabolism, increased lactic acid production, muscle lipid accumulation and insulin resistance in muscle cells with Drp1 knockdown [@bib46]. The precise actions of Drp1 during exercise and recovery require further investigation, especially since this mechanoenzyme has been implicated not only in mitochondrial fission, but also mtDNA replication, mitophagy, mitochondrial motility, and substrate metabolism [@bib7], [@bib27], [@bib30], [@bib31], [@bib78]. Targeted studies focused on cellular distribution and enzymatic actions as a consequence of post-translational modification are warranted.

5. Conclusions {#sec5}
==============

In conclusion, our findings indicate that endurance exercise is sufficient to induce changes in the mitochondrial life cycle including mitochondrial fission signaling through Drp1. Furthermore, lacking Drp1 reduced exercise performance and altered training-induced adaptations. Here we report that *DNM1L* expression levels are reduced in muscle from dysglycemic men and this could be an underlying contributor of metabolic dysfunction in these individuals. In mouse models of fission-fusion incompetence, we and others have shown that impaired dynamic flux of mitochondrial remodeling is associated with derangements in metabolism and insulin sensitivity. Because the processes of mitochondrial fission, fusion, biogenesis, and quality control are interdependent, strategies aimed at enhancing mitochondrial lifecycle flux capacity may be effective in combating diseases associated with metabolic dysfunction.
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